Uncontrolled inflammation is one of the leading causes of kidney failure. Pro-inflammatory responses can occur in the absence of infection, a process called sterile inflammation. Here we show that the purinergic receptor P2Y 14 (GPR105) is specifically and highly expressed in collecting duct intercalated cells (ICs) and mediates sterile inflammation in the kidney. P2Y 14 is activated by UDP-glucose, a damage-associated molecular pattern molecule (DAMP) released by injured cells. We found that UDP-glucose increases pro-inflammatory chemokine expression in ICs as well as MDCK-C11 cells, and UDP-glucose activates the MEK1/2-ERK1/2 pathway in MDCK-C11 cells. These effects were prevented following inhibition of P2Y 14 with the small molecule PPTN. Tail vein injection of mice with UDP-glucose induced the recruitment of neutrophils to the renal medulla. This study identifies ICs as novel sensors, mediators and effectors of inflammation in the kidney via P2Y 14 .
Introduction
Kidney failure is almost always associated with uncontrolled inflammation [1, 2] . A link between renal inflammation and signaling via purinergic receptors has been established, but very little is currently known about the underlying mechanisms involved and how to prevent and alleviate the severe damage cause by inflammation. Numerous purinergic receptors are expressed in the kidney, and deregulation of purinergic signaling is associated with several pathologies, including hypertension, chronic kidney disease, acute kidney injury, diabetic nephropathy and glomerulonephritis [3, 4] . Purinergic receptors are involved in the regulation of water, electrolyte, and volume homeostasis by collecting duct principal cells [5] [6] [7] [8] . However, there is limited knowledge on the purinergic regulation of the other major cell type of the collecting duct, the intercalated cell (IC). ICs participate in the maintenance of acid/base homeostasis via the proton-pumping V-ATPase [9, 10] . In the epididymis, ATP and adenosine are potent activators of V-ATPase-dependent proton secretion in clear cells, which are analogous to ICs [11] . Extracellular ATP stimulates bone resorption in osteoclasts, a process that also requires activity of the V-ATPase [12, 13] . These studies suggest a role for the purinergic regulation of acid/base transport in the kidney, but the purinergic receptor signature of ICs still remains to be characterized.
Nucleotide-activated purinergic receptors are separated into two families, P2X receptors that are ligand-gated ion channels, and P2Y receptors that are G protein-coupled receptors (GPCRs) [5] [6] [7] . Based on its homology with other P2 receptors, p2y5 was initially proposed to be a nucleotide-receptor, but it was subsequently shown to be insensitive to nucleotides [14] and to bind lysophosphatidic acid (LPA) [15] . Similarly, p2y10 is a lysophospholipid receptor that is not activated by nucleotides [16] . The P2Y 14 receptor (also known as GPR105) is the most recent addition to the P2Y receptor family [17, 18] . P2Y 14 is specifically activated by nucleotide sugars including UDP-glucose and it is insensitive to ADP/ATP and UTP [18] . While UDP-glucose is used in the metabolism of nucleotide sugars, it is also released by cells and acts as an autocrine activator of the P2Y 14 receptor. Most nucleotides are rapidly degraded by ectonucleotidases after their release, but UDP-glucose resists hydrolysis by these enzymes [19] . While virtually all cells release nucleotides under basal conditions [20] , this release can be accentuated in response to stimuli leading to activation of purinergic receptors [21] . UDP-glucose, extracellular ATP and adenosine are emerging as immune-regulatory factors known as DAMPs (damage associated molecular pattern) molecules [22, 23] . DAMPs initiate sterile inflammatory reactions, as opposed to PAMP (pathogen associated molecular patterns), which perpetuate infectious pro-inflammatory responses [23] [24] [25] [26] .
The role of P2Y 14 as an inflammatory mediator was suggested based on its high expression levels in immune cells, and on the increased release of its ligand, UDP-glucose, by damaged cells [17, 20, [27] [28] [29] [30] [31] [32] . In addition to immune cells, several tissues including the brain, the gastrointestinal tract, the kidney and the lung express P2Y 14 mRNA [18] . Patients with cystic fibrosis and asthma secrete high amounts of UDP-glucose in their lungs [27, 33] , and P2Y 14 activation by UDP-glucose in airway epithelial cells leads to IL-8 secretion [34] . Furthermore, injection of UDP-glucose into the mouse uterus induces the recruitment of neutrophils into the endometrium [35] . Another indication of the inflammatory role of P2Y 14 is the up-regulation of its mRNA expression by lipopolysaccharides (LPS) [35, 36] . However, while purinergic signaling has been established in the modulation of renal inflammation, the role of P2Y 14 in mediating immune responses in the kidney has not been described. The objective of this study was, therefore, to examine the potential participation of this receptor in the initiation of inflammation in the kidney.
In this study we uncover elevated expression of a restricted number of P2 receptors in ICs, most notably P2Y 14 . Moreover, P2Y 14 expression was not detectable in other renal epithelial cells. We also provide evidence that P2Y 14 activation by UDP-glucose induces a pro-inflammatory response in ICs that is mediated by activation of the MAPK pathway. This is followed by increased expression of pro-inflammatory chemokines in ICs, and subsequent neutrophil infiltration in the renal medulla. Thus, we have identified a novel inflammatory role for renal ICs via P2Y 14 signaling.
Materials and Methods

Reagents and antibodies
Uridine 5
0 -diphosphoglucose disodium salt hydrate from Saccharomyces cerevisiae (UDP-glucose) and the MEK inhibitor PD98059 were purchased from Sigma Aldrich (St. Louis, MO).
]UDP-glucose) was purchased from Perkin Elmer (Waltham, MA). PPTN, a selective high affinity antagonist of the P2Y 14 receptor has been described previously [37] . The chicken antibody against the V-ATPase B1 subunit has been described previously [38] . An affinity-purified chicken antibody against the V-ATPase A subunit was raised against the same sequence as previously described for a rabbit anti-V-ATPase A subunit antibody [39, 40] . A rabbit anti-P2Y 14 antibody and its immunizing peptide were purchased from Alomone labs (Jerusalem, Israel). Rabbit anti-cytoskeletal actin antibody was from Bethyl Laboratory (Montgomery, TX). Rabbit anti-pendrin antibody was a kind gift from Dr. Aronson (Yale University). Rabbit monoclonal antibodies against p-p44/p42 MAPK and against total p44/p42 MAPK were purchased from Cell Signaling Technology (Boston, MA). Rat anti-Ly6G antibody was from Biolegend (San Diego, CA). Mouse anti-pan-actin was purchased from EMD Millipore (Billerica, MA). All secondary antibodies used were affinity purified and purchased from Jackson Immunoresearch (West Grove, PA), except for a goat anti-rat cy3, which was purchased from Invitrogen (Grand Island, NY). Streptavidin-fluorescein was purchased from Invitrogen. Cell culture medium was purchased from Invitrogen, and bovine serum was purchased from Atlanta Biologicals (Lawrenceville, CA).
Animals
Adult male mice (eight to ten weeks old) were used for all experiments. Transgenic mice expressing EGFP under the promoter of the V-ATPase B1 subunit (B1-EGFP) mice have been described previously [41] . Wild type (C57BL/6 x CBAF1) mice were purchased from Jackson Laboratory (Bar Harbor, ME). Animals were housed under standard conditions and maintained on a standard rodent diet. The Massachusetts General Hospital (MGH) Subcommittee on Research Animal Care approved all animal studies, in accordance with National Institutes of Health, Department of Agriculture, and Accreditation of Laboratory Animal Care requirements. Our Institutional Animal Care and Use Committee (IACUC) specifically approved this study. For tail vein injections, animals were kept under isofluorane anesthesia (Baxter, Deerfield, IL) for several minutes to allow the injection of 200 μl of either saline solution or a saline solution containing 100 μM UDP-glucose (200 mg/kg of body weight).
Isolation of intercalated cells from mouse kidneys
Mice were anesthetized using pentobarbital sodium (50 mg/kg body, ip, Nembutal, Abbott Laboratories, Abbott Park, IL). The blood was flushed out of the organs by perfusing the animals with a phosphate-buffered saline (PBS) through the cardiac left ventricle at a constant flow rate of 17 ml/min. Kidneys were excised and sliced, and some kidneys were microdissected to separate the cortex from the medulla. Tissues were then minced immediately in RPMI 1640 medium (Invitrogen, Grand Island, NY) containing 1.0 mg/ml collagenase type I (Invitrogen), 1.0 mg/ml collagenase type II (Sigma Aldrich) and 2 mg/ml hyaluronidase (Sigma Aldrich), and digested for 45 min at 37°C. A 40-μm-nylon mesh was used to remove undigested material following tissue digestion. Cells were then washed once with RPMI 1640 medium and once with a calcium-free PBS. EGFP-positive (EGFP(+)) and negative (EGFP(−)) cells were isolated immediately by FACS, based on their green fluorescence intensity, as we have described previously [42] . Cell isolation was performed at the MGH flow cytometry core facility using a modified FACS Vantage cell sorter (BD Biosciences, San Jose, CA). FACS isolated samples were used without delay for subsequent protein and RNA isolation.
RNA isolation and RT-PCR
Total RNA was isolated from cells using RNeasy micro kit (Qiagen, Valencia, CA) and from tissues using RNeasy Mini kit, as we have described previously [42] . The sequences of the PCR primer sets, purchased from Invitrogen, are listed in Table 1 . For end point PCRs, reaction 
Flow cytometry analysis
Tissues and cells were prepared as described above for FACS. Prior to flow cytometry, cell suspensions were stained in PBS with BSA 1% using the following antibodies purchased from BD Biosciences (San Jose, CA): PE-conjugated anti-CD90 (clone 53-2.1), PE-conjugated anti-B220 (clone RA3-6B2), PE-conjugated anti-CD49b (clone DX5), PE-conjugated anti-NK1.1 (clone PK136), PE-conjugated anti-Ly-6G (clone 1A8), APC-Cy7-conjugated anti-CD11b (clone M1/ 70), PE-Cy7-conjugated anti-F4/80 (clone BM8), Alexa Fluor 700-conjugated anti-CD11c (clone HL3). Antibodies purchased from BD Pharmigen were also used: PE-conjugated anti-CD19 (clone 1D3), PE-Cy7-conjugated anti-B220 (clone RA3-6B2), FITC-conjugated antiCD3e (clone 145-2C11), PE-Cy7-conjugated anti-CD4 (clone RM4-5) and PerCP-conjugated anti-CD8a (clone 53-6.7). Single cell suspensions were labeled for 45 min at 4°C. For monocyte/neutrophil staining, the following PE-conjugated antibodies were used: anti-CD90, anti-B220, anti-CD19, anti-CD49b, anti-NK1.1 and anti-Ly-6G. Neutrophils were defined as Cell culture and protein preparation MDCK-C11 cells were cultured at 37°C in a 5% CO 2 -95% O 2 mix in DMEM (Invitrogen) supplemented with 2 mM glutamine, 10% fetal bovine serum (Invitrogen), penicillin (100 U/ml), and streptomycin (100 μg/ml) (Invitrogen). Prior to any treatment, cells were serum starved for 24 hours. For cell surface biotinylation assays, cells were either grown to confluence on plastic dishes or on filters. Biotinylation was performed as described previously [43] . Proteins were subjected to SDS-PAGE following denaturation in Laemmli buffer for 5 min at 95°C. For enzymatic deglycosylation, 20 μg of total and 100 μg of biotinylated and avidin precipitated proteins were treated for 1h at 37°C with either endoglycosydase H or PNGase F or control according to the manufacturer's protocol (New England Biolabs, Ipsxich, MA). For P2Y 14 antagonist studies, PPTN was dissolved in DMSO and applied to confluent MDCK-C11 cells at a final concentration of 10 μM (0.05% DMSO). Pretreatment with PPTN or vehicle (0.05% DMSO) was for 30 minutes prior to control or UDP-glucose treatment. IC membrane preparations, as previously described [18] . Confluent MDCK-C11 cells were scrapped in ice-cold PBS, pelleted by centrifugation (500 g, 10 min) and then resuspended in 1 ml ice-cold Tris-acetate 0.2 M buffer (pH 7.5) containing protease inhibitors (Complete Mini, Roche, Indianapolis, IN) using a 25G needle. Cell membranes were harvested by passing through a cell cracker (HGM lab equipment, Heidelberg, Germany) 10 times. The solution was then centrifuged 10 min at 17000 g and membrane pellets were frozen in liquid nitrogen and kept at −80°C until use. Protein concentration was determined using a nanodrop 2000 (Thermo scientific). For dose-displacement assays 15 μg of MDCK-C11 cell membrane proteins were incubated for 3 hours at 22°C in a medium containing 50 mM Tris/HCl pH 7.4, 1 mM EDTA, 5 mM MgCl2 and BSA (5 mg/ml), [ 3 H]-UDP-glucose (3 nM) and selected concentrations of UDPglucose or ATP. Incubation was terminated by the addition of ice-cold 50 mM Tris/HCl pH 7.4, 1 mM EDTA, 5 mM MgCl 2 and was followed immediately by filtration under vacuum through Gelman A/E glass filters (Pall life science, An Arbor, MI) pre-soaked in binding buffer. The filters were rinsed twice before the addition of 5 ml of scintillation fluid (OpticFluor, Groninge, The Netherlands). Receptor-bound radioactivity was measured using liquid scintillation analyzer Tricarb 2200 CA from Parckard. All assays were performed in triplicate. Incubations were stopped by the addition of ice-cold buffer and receptor-bound radioactivity was determined as described above. The equilibrium dissociation constant (Kd) and the capacity of binding in dose-displacement studies were calculated using a scatchard plot and are expressed as the mean SD. Statistical analysis were performed using the unpaired Student t-test.
Radioligand binding assays
Immunoblotting
Proteins were run on NuPAGE Novex bis/tris 4-12% gels (Invitrogen) and transferred to nitrocellulose membranes (Bio-Rad). After blocking (5% BSA in TBS 0.1% Tween 20 for 1 h), membranes were incubated overnight with the primary antibody. 
Immunofluorescence
Mice were anesthetized using pentobarbital sodium (50 mg/kg body, ip). The left kidney was perfused through the renal artery with PBS (0.9% NaCl in 10 mM phosphate buffer, pH 7.4), followed by paraformaldehyde-lysine-periodate fixative (PLP; 4% paraformaldehyde, 75 mM lysine-HCl, 10 mM sodium periodate, and 0.15 M sucrose, in 37.5 mM sodium phosphate) for 10 min at a constant rate of 3.5 ml/min. Kidneys were further fixed by immersion in PLP for 4 h at room temperature and subsequently overnight at 4°C. After extensive washes in PBS, cryo-protection was performed in PBS containing 0.9 M (30% wt/vol) sucrose overnight at 4°C. Prior to cryo-sectioning, tissues were embedded in Tissue-Tek OCT compound 4583 (Sakura Finetek USA, Torrance, CA) and frozen at −20°C. Sections (4-10 μm) were cut on a Leica CM3050-S cryostat (Leica Microsystems, Bannockburn, IL) and stored at 4°C until use [38, 44] . Sections were rehydrated in PBS and antigen retrieval techniques were performed by microwave heating in alkaline solution (10 mM Tris buffer, 1 mM EDTA, pH 9.0) 3 times for 1 min, with 5 min interval and then cooled down to room temperature. Sections were then treated with 1% (wt/vol) SDS for 4 min [45] . After washes in PBS, and incubation for 20 min in 1% (wt/vol) BSA in PBS the sections were incubated for 60 min or overnight at 4°C with the primary antibody diluted in PBS containing 1% BSA. The secondary antibody was applied for 1 h at room temperature and slides were mounted in Vectashield H1200 medium containing 4,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA). Digital images were acquired using a Nikon 90i epifluorescence microscope (Nikon Instruments, Melville, NY). Images were analyzed using Volocity version 6.2.1 image-processing software (Perkin Elmer), and imported into Adobe Photoshop software as TIFF files and the levels command was applied to the entire field of view to better represent the raw data visualized under the microscope. MDCK-C11 cells grown to confluence on filter (Corning) were biotinylated as described above and were then fixed for 30 min in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA). Cells were washed three times with PBS and treated with 1% SDS for 4 min for antigen retrieval. After several washes in PBS and blocking of the proteins with 1% BSA for 30 min, cells were incubated for 1 h with anti-P2Y 14 
Statistical analysis
The effects of treatments between two groups were determined by unpaired Student's t-test when appropriated. Comparisons between multigroups were determined by one-way ANOVA followed by a post-hoc t-test. All tests were two-tailed, and P < 0.05 was considered as statistically significant.
Results
P2 receptor mRNA expression in intercalated cells
We first analyzed P2X and P2Y receptor mRNA expression by conventional RT-PCR in IC-enriched EGFP(+) cells isolated by FACS from the kidneys of B1-EGFP mice as well as in whole kidney. In these mice, EGFP expression is driven by the promoter of the V-ATPase B1 subunit, and occurs specifically in type A intercalated cells (A-ICs), type B intercalated cells (B-ICs), and in the connecting tubules (CNT) [41] . We have previously shown that we can generate a highly enriched EGFP(+) cell preparation that is depleted of all other cell types after FACS isolation [42, 44] . As shown in Fig. 1 , while transcripts specific for all P2 receptors tested were detected, except P2Y 4 , in whole kidney extracts (bottom panel), this number was narrowed down to 3 P2X (P2X 1 , P2X 4 and P2X 5 ) and 3 P2Y (P2Y 2 , p2y5 and P2Y 14 ) receptors in EGFP(+) cells (Fig. 1, top panel) . The full sequence of murine P2Y 11 has not been fully identified when we initiated the present work, and future studies will be required to characterize its expression in ICs.
We then took advantage of the regional separation of B-ICs and CNT cells, which are located exclusively in the renal cortex and to a lesser extent in the outer stripe of the outer medulla (OS), and A-ICs, which are located in all kidney regions except the tip of the papilla [46, 47] . A mixed EGFP(+) cell population containing A-ICs, B-ICs and CNT cells was isolated from the kidney cortex and was compared with an A-IC enriched population isolated from the inner stripe of the outer medulla (IS) and inner medulla. Quantitative PCR showed a marked enrichment of mRNA transcripts specific for the V-ATPase B1 subunit (a marker of A-ICs, B-ICs and CNT cells) [48] [49] [50] , AE1 (a marker of A-ICs) [51] and pendrin (a marker of B-ICs) [52, 53] in EGFP(+) cells compared to EGFP(−) cells isolated from the same regions ( Fig. 2A) . As expected, an increase in AE1 mRNA and a decrease in pendrin mRNA were detected in EGFP(+) cells isolated from the medulla versus the cortex, respectively, demonstrating the enrichment of A-ICs in the medullary EGFP(+) cells versus cortical EGFP(+) cell populations. Quantitative PCR showed significantly higher expression levels for P2X 4 , P2Y 2 and P2Y 14 in EGFP(+) cells isolated from the medulla compared to the cortex (Fig. 2B) . P2X 5 and p2y5 expression appeared to be similar in both regions and P2Y 1 was detectable only in cortical EGFP(+) cells, suggesting that A-ICs most probably do not express P2Y 1 . The very high P2Y 14 enrichment (by more than 20 fold) that we measured in medullary EGFP(+) cells compared to cortical EGFP (+) cells prompted us to further characterize the role of this receptor in ICs. 
P2Y14 is exclusively expressed in intercalated cells
Double-immunofluorescence labeling of kidney sections for P2Y 14 (green) and the V-ATPase B1 subunit (red) showed specific expression of P2Y 14 in A-ICs and B-ICs in the cortex, while no P2Y 14 was detected in the distal and connecting tubules (Fig. 3A) . In the medulla, P2Y 14 was detected only in A-ICs (Fig. 3B) . P2Y 14 was expressed in the apical region of both A-ICs and B-ICs, as compared to the V-ATPase B1 subunit, which is apical in A-ICs, but basolateral or bi-polar in B-ICs [48] . Pre-incubating the P2Y 14 antibody with its immunizing peptide abolished the P2Y 14 staining in both the cortex (Fig. 3C) and medulla (Fig. 3D ). P2Y 14 was also detected in occasional immune cells, which remained attached to the blood vessel walls (data not shown), consistent with its previously described localization in circulating immune cells [30] [31] [32] . Immunoblotting of EGFP(+) cell extracts with the P2Y 14 antibody showed a predominant 50-KDa band and a weaker 40-kDa band (Fig. 4A) . We then performed a radiolabeled UDP-glucose binding assay using total membranes separated from FACS isolated EGFP(+) cells and EGFP(−) cells (Fig. 4B) . The [ glucose-specific binding was measured. Altogether, these data show that ICs are the only renal epithelial cells that express P2Y 14 .
P2Y 14 activation up-regulates pro-inflammatory chemokine mRNAs in intercalated cells
To determine whether P2Y 14 activation induces the upregulation of pro-inflammatory mRNAs in ICs in vivo, we injected B1-EGFP mice through the tail vein with either a saline solution (sham) or a solution containing 100 μM UDP-glucose. Kidneys were harvested 4 h later and processed for FACS isolation of EGFP(+) cells, mRNA extraction and real-time PCR to measure pro-inflammatory chemokine and cytokine expression. To avoid contamination of blood immune cells, which also express P2Y 14 , we flushed the blood out of the kidneys by perfusing mice with PBS through the cardiac left ventricle. In addition, maximum purity (>95%) of EGFP(+) cells was obtained by restricting the sorting parameters to isolate only the brightest EGFP(+) cells. Cytospin smears of EGFP(+) cells immunostained for CD45 (a marker of leukocytes) did not show any contamination of the samples with leukocytes (data not shown). We were thus confident that any changes in pro-inflammatory mediator expression following P2Y14 activation with UDP-glucose were attributed to the presence of the receptor in ICs uniquely. As shown in Fig. 5 , the neutrophil chemo-attractants, CXCL1 (KC) and CXCL2 (MIP-2α) (both murine homologues of IL-8) had significantly higher expression levels following UDP-glucose treatment in vivo for 4 hours. A significant increase was also observed for the monocyte chemo-attractant CCL2 (MCP-1) and CCL3 (MIP-1α). No effect was observed after 2, 6, or 12 hours (data not shown). In addition, no significant changes were observed for CCL4, CCL5, TNFα, IL1β, and IL6 expression at any time point. These results show that ICs produce pro-inflammatory mediators in vivo following activation by a pro-inflammatory agonist, and that this process can be efficiently promoted through UDP-glucose/P2Y 14 signaling. Characterization of the P2Y 14 signaling pathway in the renal epithelial cell line MDCK-C11
We then used the Madin-Darby Canine Kidney (MDCK) subclone C11 (MDCK-C11) as a renal epithelial cell model for the initial identification and characterization of the P2Y 14 signaling pathway. MDCK-C11 cells were previously shown to possess some characteristics of ICs, including Cl − and H + secretion and the activation of H + secretion by cAMP [54] . In agreement with this notion, RT-PCR analysis showed expression of markers of ICs, including the V-ATPase B1 and a4 subunits in these cells (Fig. 6A) . AQP2, a marker of collecting duct principal cells, was not detected, supporting their non-principal cell phenotype [54] . MDCK-C11 cells did not express AE1 and thus do not retain all characteristics of A-ICs. However, expression in MDCK-C11 cells of the V-ATPase B1 and A subunits was confirmed at the protein level by western blotting, in total cell lysates and in a biotinylated plasma membrane protein fraction (Fig. 6B) . The same membranes were re-blotted for actin. The absence of actin staining in the plasma membrane preparation showed the absence of biotin contamination of intracellular proteins in this fraction. RT-PCR analysis showed transcripts specific for P2Y 1 , P2Y 4 , p2y10, P2Y 12 and P2Y 14 (Fig. 6C) . With the exception of P2X 2 all other P2X receptors were also detected. Western blotting analysis showed expression of P2Y 14 protein in total cell lysates and at the cell surface (Fig. 6D) . In agreement with a previous report in glioma C6 cells [55] , we detected a more diffuse band at higher molecular weight in the plasma membrane compared to the 50 kDa band in total cell lysates, indicating that only the glycosylated receptor can reach the cell surface. Glycosylation of P2Y 14 was confirmed by PNGaseF treatment, which resulted in the appearance of the deglycosylated form of P2Y 14 at around 45KDa in total cell lysates and in cell surface protein extracts. Confocal microscopy showed P2Y 14 localization in the apical plasma membrane (red), which was biotinylated and labeled with biotin (green) in MDCK-C11 cells grown on filters (Fig. 6E ). P2Y 14 is also expressed in the sub-apical region of the cells. We then investigated the functionality of the receptor in MDCK-C11 cells by using a radiolabeled UDP-glucose binding assay. The specificity of UDP-glucose binding was analyzed by dose-displacement of [ 3 H]UDP-glucose in the presence of unlabeled UDP-glucose or ATP.
As shown in Fig. 6F , the addition of increasing concentrations of unlabeled UDP-glucose diminished [ UDP-glucose increases ERK1/2 phosphorylation through P2Y 14 activation in MDCK-C11 cells
As shown in Fig. 7 (upper panel), UDP-glucose (100 μM) induced a significant increase in ERK1/2 phosphorylation in MDCK-C11 cells. This was prevented by pre-treatment with the P2Y 14 antagonist, 4-((piperidin-4-yl)-phenyl)-(7-(4-(trifluoromethyl)-phenyl)-2-naphthoic acid (PPTN, 10 μM) . Quantification of the ratio of p-ERK1/2 to total ERK1/2 showed a significant increase in ERK1/2 phosphorylation following UDP-glucose treatment, which was abolished in the presence of PPTN (Fig. 7, bottom panels) . We did not detect an increase in the phosphorylation of other MAPK targets such as p38 and JNK/SAPK (data not shown), consistent with a previous report [56] . In addition, we found no effect of UDP-glucose on IkBα protein expression in MDCK-C11 cells (not shown) suggesting that activation of P2Y 14 does not stimulate the NF-kB pathway.
P2Y 14 activation up-regulates pro-inflammatory chemokine mRNAs through ERK-phosphorylation in MDCK-C11 cells
Several studies have suggested a role for P2Y 14 as a mediator of inflammation [34, 35, 37, 57] . We assessed here the effects of P2Y 14 activation with UDP-glucose on mRNA expression of several pro-inflammatory chemokines and cytokines in MDCK-C11 cells (Fig. 8) . As shown in Fig. 8A , MDCK-C11 cells increased IL-8 and CCL-2 mRNA expression following 4 h treatment with 100 μM UDP-glucose. IL-8 and CCL-2 (also known as MCP-1) are well-known chemo-attractants for neutrophils and monocytes, respectively. There was no detectable increase of other pro-inflammatory mediators such as CCL4, CCL5, IL1β or TNFα. We then determined the contribution of ERK-phosphorylation in cytokine production by using the MEK inhibitor PD98059 [58] . As shown in Fig. 8B, PD98059 abolished the UDP-glucose induced up-regulation of IL-8 and CCL-2. Pretreatment of MDCK-C11 cells with the P2Y 14 antagonist PPTN [37] also abolished the increase in IL8 and CCl2 mRNA expression induced by UDP-glucose (Fig. 8C) .
UDP-glucose activation induces neutrophil infiltration into the kidney medulla
The pathophysiological relevance of P2Y 14 expression in ICs was assessed by measuring the infiltration of immune cells into the kidney using flow cytometry in mice that were challenged with an injection of UDP-glucose. To address the spatial distribution of immune cells in the kidney, we separated the kidney into cortex and medulla. B1-EGFP mice were challenged with a tail-vein injection of either 100 μM UDP-glucose (treated) or saline (sham), as discussed above. Mice were perfused 48 h later through the cardiac left ventricle with PBS to flush the blood out of the kidney vessels and hence measure only tissue infiltrated immune cells. This approach identified a significant and selective accumulation of neutrophils in the kidney medulla (Fig. 9A ). This observation is consistent with the upregulation of neutrophil chemo-attractants observed in EGFP(+) cells after UDP-glucose activation. Anti-inflammatory (Ly6C low) monocytes also slightly decreased in the medulla, but no other significant changes in other immune cell counts were observed. In the kidney cortex, the numbers of most cell types remained unchanged upon UDP-glucose treatment, except for the Ly6C low monocyte population, which decreased slightly (Fig. 9B) . No apparent changes in the number of infiltrated immune The UDP-glucose induced neutrophil infiltration occurs primarily in the renal medulla Kidney sections from control and UDP-glucose treated mice were stained for P2Y 14 (green) and for Ly6G, a neutrophil marker (red). Mosaic images were captured and neutrophils identified based on their positive labeling for Ly6G and their poly-nucleated phenotype (white circles) (Fig. 10) . More neutrophils were visible in the medulla of UDP-glucose treated mice (Fig. 10B ) compared to sham-treated control mice (Fig. 10A) . Panels A1-A5 and B1-B5 show the individual neutrophils delineated in the circles shown in Panels A and B, respectively. At higher magnification, neutrophils were sometimes seen in the proximity of intercalated cells in the renal medulla of UDP-glucose treated mice (Figs. 10D, 10D', 10D") , while in control mice, collecting ducts were often seen with no surrounding neutrophils (Fig. 10C, 10C', 10C" ).
Discussion
In this study, we characterized the P2 receptor profile of renal intercalated cells, and showed that they express high levels of the pro-inflammatory P2Y 14 receptor. In addition, our data demonstrate that P2Y 14 activation by UDP-glucose in ICs induces an inflammatory response mediated by chemokine upregulation and neutrophil recruitment into the kidney medulla. Neutrophil recruitment was demonstrated using two complementary approaches: quantitative flow cytometry analysis, and immunofluorescence microscopic visualization of Ly6G-positive neutrophils on kidney sections. Our study, therefore, identifies ICs as potential sensors, mediators and effectors of sterile inflammation in the kidney. Our data suggest that the contribution of this novel pathway should now be examined in different models of kidney disease.
While we detected numerous P2 receptors in mRNA samples isolated from the entire kidney, we found only 6 (P2X 1 , P2X 4 , P2X 5 , P2Y 2 , p2y5 and P2Y 14 ) receptors in ICs. The expression of P2Y 2 in these cells is in agreement with a previous pharmacological study showing functional P2Y 2 in the apical membrane of ICs in rabbit CCDs [59] . P2Y 2 is traditionally viewed as a regulator of collecting duct principal cells, but our data further support its participation in IC function. Activation of this receptor by UTP, ATP and guanosine activates the ERK1-2/MAPK pathway in astrocytes [60] , and it would be interesting to determine whether P2Y 2 plays a similar role in ICs. Interestingly, while P2X 7 and P2X 6 have been described in collecting ducts [61, 62] , we did not detect these receptors in EGFP(+) cells, illustrating the importance of conducting cell-specific gene expression analysis. Among the receptors that were detected in ICs, P2X 4 is regulated by extracellular pH [63] and it will be interesting to determine its role in the acidifying function of ICs. We also observed several purinergic receptors, including P2Y 14 , in MDCK-C11 cells, making them suitable models to characterize this receptor in vitro. Nonetheless, the limitations of cell culture models in general must be considered when comparing in vitro studies with the in vivo situation. The presence of other purinergic receptors, either in ICs or in MDCK-C11 cells, should not affect the outcome of the present study, because the agonist used here, UDP-glucose, was shown to activate P2Y 14 exclusively.
Infection and ischemic kidney injury stimulate a potent inflammatory response including a rapid infiltration of neutrophils into the affected tissue [64] . Ascending pathogens induce renal epithelial cell damage [65] [66] [67] . The role of ICs in the defense against these pathogens has recently emerged by the discovery that they express the antimicrobial agent RNAse 7 and its modulator, the ribonuclease inhibitor (RI) [68] [69] [70] . It was proposed that ICs are involved in the maintenance of luminal sterility in the kidney. Uropathogenic Escherichia coli can adhere to the apical surface of medullary ICs, where it activates TLR4-dependent and independent signaling pathways [71] . In a more recent study, ICs were shown to limit renal bacterial infection via TLR4 activation, followed by stimulation of the NF-kB pathway and release of the bacteriostatic LCN2 (also known as NGAL) and protons into the lumen [72] . Multiple other studies have characterized Toll-like receptors (TLR) as pathogen recognition and inflammation mediators in the kidney [71, 73, 74] . However, the molecular mechanisms that stimulate inflammation secondary to "pathogen-free" kidney diseases, nephrotoxicity and renal transplantation among others are poorly understood. Our present study provides evidence for a parallel non-TLR mediated inflammatory pathway determined by ICs. We suggest that the UDP-glucose released from damaged cells activates P2Y 14 in ICs to initiate an inflammatory response via the production of pro-inflammatory chemokines, which then recruit neutrophils to damaged and/ or infected areas. We did not detect P2Y 14 in neutrophils, so it is unlikely that UDP-glucose acted directly on these cells to induce chemotaxis in an autocrine manner. We, therefore, propose that P2Y 14 receptors act as danger sensors in kidney ICs. Intriguingly we found that P2Y 14 mRNA expression is 20 times higher in medullary ICs compared to cortical ICs, despite the fact that immunostaining detected abundant protein in both cortical and medullary ICs. This could reflect a higher level of mRNA expression in A-type ICs, which are enriched in the isolated medullary preparation compared to the cortical EGFP(+) cells. Alternatively, the renal medulla is the primary site of exposure to urinary ascending pathogens, which induce renal epithelial cell damage [65] [66] [67] . The large amount of P2Y 14 mRNA seen in this region could be explained by the necessity to synthetize a functional protein immediately following infection, in order to induce a rapid inflammatory response. It will be interesting to test the possibility that the ascending bacteria themselves might release UDP-glucose into the luminal compartment, thereby initiating an inflammatory response in ICs secondary to infections. P2Y 14 activates the MAPK pathway, which regulates the stability of IL-8 mRNA as opposed to LPS, which transcriptionally activates the IL-8 gene via the NF-kB pathway [75] . In agreement with this notion, we show here that UDP-glucose administered both in vitro and in vivo induces a potent inflammatory response in ICs by up-regulating pro-inflammatory chemokine expression through MAPK activation and subsequent recruitment of neutrophils into the renal medulla. This would suggest that P2Y 14 (MAPK activation) and LPS (mainly NF-kB activation) act in parallel to increase IL-8 secretion and neutrophil recruitment. Alternatively, P2Y 14 receptor activation was previously shown to reduce adenylyl cyclase activity leading to reduction of intracellular cAMP [24] and increase of intracellular calcium [34] . Future studies will be required to determine the role of the cAMP/PKA pathway in mediating some of the inflammatory effects observed here. We have previously shown that cAMP induces the apical accumulation of V-ATPase in type A ICs [76] . It will be interesting to determine whether a reduction in cAMP in response to P2Y 14 receptor activation would "switch" the phenotype of ICs from being proton secreting cells to pro-inflammatory mediators.
Cytokines are important contributors to the initiation of inflammation in the injured kidney. Pro-inflammatory cytokines such as TNFα, IL6 and IL1β induce chemokines through complementary activation, and the NF-kB and TLR related pathways. In our study we show that the increase in neutrophil and monocyte chemo-attractants is not accompanied by an increase of IL1β, TNFα or IL6 expression in ICs, indicating that UDP-glucose can itself act as a pro-inflammatory mediator bypassing the cytokine effects. We suggest that by their ability to produce chemokines, ICs act as immune defense cells by creating a chemotaxic gradient favorable to neutrophil recruitment.
The increase in the amount of infiltrated neutrophils that we observed in the kidney medulla following UDP-glucose administration is in quantitative agreement with previous studies showing a 3-fold increase in renal neutrophil content after bilateral ischemia-reperfusion [77] , and a 4-fold increase in the mouse uterus after UDP-glucose administration [35] . In addition, we found significant neutrophil infiltration after 48 hours, a time course identical to the infiltration observed in the mouse uterus [35] .
In conclusion, our data suggest that ICs are DAMP sensors that mediate the recruitment of pro-inflammatory neutrophils to the kidney via activation of P2Y 14 . Almost all kidney diseases trigger a strong inflammatory response that can ultimately lead to kidney failure. Our study, therefore, identifies P2Y 14 as a potential therapeutic target for the prevention or treatment of sterile inflammation (and potentially pathogen-associated inflammation) in the kidney. In this context, we are currently examining whether the UDP-glucose/P2Y 14 signaling pathway is involved in the physiology and pathophysiology of the human kidney.
